Based on the normalized difference vegetation index (NDVI), we analyzed vegetation change of the six major biomes across Inner Mongolia at the growing season and the monthly timescales and estimated their responses to climate change between 1982 and 2006. To reduce disturbance associated with land use change, those pixels affected by land use change from the 1980s to 2000s were excluded. At the growing season scale, the NDVI increased weakly in the natural ecosystems, but strongly in cropland. Interannual variations in the growing season NDVI for forest was positively linked with potential evapotranspiration and temperature, but negatively correlated with precipitation. In contrast, it was positively correlated with precipitation, but negatively related to potential evapotranspiration for other natural biomes, particularly for desert steppe. Although monthly NDVI trends were characterized as heterogeneous, corresponding to monthly variations in climate change among biome types, warming-related NDVI at the beginning of the growing season was the main contributor to the NDVI increase during the growing season for forest, meadow steppe, and typical steppe, but it constrained the NDVI increase for desert steppe, desert, and crop. Significant one-month lagged correlations between monthly NDVI and climate variables were found, but the correlation characteristics varied greatly depending on vegetation type.
Introduction
Climate change has resulted in a significant effect on vegetation dynamics during the past decades [1] [2] [3] [4] due to the associated alterations to biogeochemical processes, such as plant photosynthesis, respiration, and mineralization of soil organic matter [5] [6] [7] , and these changes are projected to be enhanced in the future years [8] [9] [10] [11] [12] .
A number of previous studies have investigated annual variations in vegetation and their responses to climate changes using the normalized difference vegetation index (NDVI), a reliable indicator of vegetation change, at both regional and global scales [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, less attention has been paid to vegetation change (NDVI) and its relationships with climatic factors over shorter timescales [22, 23] . For many ecological and agricultural issues, finer temporal resolution is more relevant [23] . Besides, the magnitude of the monthly NDVI and its change over time are vital indicators of the contribution of vegetation change in different months to annual plant growth [16] . Furthermore, many recent studies have focused mainly on the influence of precipitation and mean temperature on vegetation change, and the important role of other factors has been neglected, such as maximum and minimum temperature and potential evapotranspiration, which also exert considerable influence on patterns of vegetation growth [24] [25] [26] [27] . In addition, increasing numbers of studies have confirmed the effect of interannual climate variability on vegetation change, which varies considerably depending on the ecogeographical region and vegetation types [16, [28] [29] [30] . Therefore, developing a better understanding of the effect of climate on vegetation growth at the biome scale is of some significance.
The Inner Mongolia Autonomous Region consists of vast forests and the largest grazing area in China and is considered to be an important timber and livestock region in China [31] . As an ecotransition zone, it has a sharp rainfall-temperature gradient from the southwest to northeast, where vegetation growth is likely to be highly sensitive to climate change [32] . Over recent decades, it has experienced dramatic climate change, which has been more pronounced than most other areas in China [33] [34] [35] [36] . The study of climate-related vegetation dynamics here is of fundamental importance to improve our understanding of the mechanisms in the relationship between climate change and vegetation change, and also critical to policy-making for regional adaptation plans. The objective of the present study is to investigate how and why vegetation change has occurred in Inner Mongolia over the past 25 years. Firstly, we examined changes in the growing season NDVI, and variations in NDVI for each month during the growing season to gain further insights into its contribution to the changes in growing season NDVI during the period of 1982-2006, and we further investigated the relationships between climatic factors and NDVI at the growing season and monthly scales, based on vegetation types. Figure 1 ). The region is dominated by monsoon climate pattern that are controlled by continental Eurasian high and low pressure cells. During the summer, warm and humid air from the Pacific contributes to high temperatures and variable rainfall. In the winter, the region is affected by strong, dry, and cold northwesterly winds regulated by the Siberian-Mongolian atmospheric high pressure cell [31, 37] . The climate is characterized by an increase in precipitation and a decrease in temperature from southwest to northeast [38] . From southwest to northeast, it can be divided into four major zones [39] . The medium temperate arid region in the southwest is dominated by the desert biome. The medium temperate semiarid region occupying most of the central area (approximately 40 ∘ N to 50 ∘ N latitude and 110 ∘ E to 120 ∘ E longitude) is dominated by steppe and fragmented areas of cropland. Finally, the cold temperate humid and medium temperate subhumid regions, occurring mainly in the northeast, are dominated by the forest biome. In this study, we focused on the cultivated and five of the major natural vegetation types of Inner Mongolia: cropland, forest, meadow steppe, typical steppe, desert steppe, and desert. We selected these biomes because they are the dominant vegetation types and follow the rainfall-temperature gradient from the southwest to the northeast.
Data and Methods

Dataset.
Vegetation change was identified using NDVI data developed by the global inventory monitoring and modeling studies (GIMMS) group and derived from the NOAA/AVHRR land dataset for the period 1982-2006 (available at ftp://ftp.glcf.umiacs.umd.edu/glcf/GIMMS/), which has a resolution of 8 km and an interval of 15 days. The data calibrated to eliminate noise from solar angle and sensor errors has been widely used in analyzing the long-term trends in vegetation cover and activity in China [16, 31, 40] . To further decrease the effects of atmospheric and aerosol scattering, we developed a monthly NDVI data using maximum value composite (MVC) method for each month, as previous study [41] . The growing season was defined as April to October [42] [43] [44] , and the growing season NDVI data were obtained by averaging these monthly NDVI data during the period of April-October for each year.
The climate variables used were the monthly precipitation amount ( ), mean temperature ( mean ), maximum temperature ( max ), minimum temperature ( min ), and potential evapotranspiration (PET). These data were interpolated using ANUSPLIN 4.3 software (http://fennerschool.anu.edu.au/research/products) at a resolution of 8 km, based on 92 climatic stations of the China Meteorological Administration in or around Inner Mongolia (Figure 1 
Method.
To remove biases related to the effects of landuse change on NDVI values, pixels affected by land-use change during the study period were excluded. Specifically, we extracted each land-use type for the two periods and converted them to a grid format with a resolution of 8 km, respectively, and then masked them to identify those pixels with no land-use change during the 1980s and 2000s. These pixels were then selected to mask the vegetation types. Results of the vegetation survey are presented in Figure 1 .
Linear time trends were evaluated using the ordinary least squares method for the NDVI and climate variables over the growing season and monthly timescales for each vegetation type, and the Pearson correlation coefficients between the NDVI and climatic variables were also calculated to determine the extent of the relationship between them.
Results and Discussion
Changes in Growing Season and Monthly NDVI.
From 1982 to 2006, the climate records showed warming and drying trends across the forest, meadow steppe, typical steppes, and crop regions, while they showed wetting and warming in the desert steppes and desert areas ( Figure 2 ). The growing season NDVI for all biomes increased over the past 25 years, with the magnitudes differing greatly by vegetation type (Figure 2 ). The cultivated ecosystem showed a significant increasing trend, with an average increment of 0.0016 yr −1 ( < 0.01). In comparison, the natural ecosystems increased only slightly and weakly, with the largest increase (0.0005 yr −1 ; = 0.50) occurring in the forest region and the lowest (0.00001 yr −1 ; = 0.90) in the desert. Such an increase in the NDVI indicates that vegetation activity in Inner Mongolia is strengthening during the study period, to some extent. This is generally consistent with previous studies, which demonstrated that the overall state of Inner Mongolia's vegetation developed favorably in the past years [40, 43, 50, 51] .
In order to more clearly examine the contribution of each month to the growing season NDVI trend, Figure 3 shows the changes in the trend of monthly NDVI over the period of 1982-2006. For the forest, the monthly NDVI trend at the beginning and end of the growing season (i.e., May and September) increased much larger than that in other months, with an increase of 0.0028 yr −1 (R 2 = 0.05, = 0.26) and 0.0038 yr −1 (R 2 = 0.18, < 0.05), respectively. In contrast, there was a marked decrease from June to August, with a minimum rate of −0.002 yr −1 (R 2 = 0.14, < 0.1) in July ( Figure 3 (a)-N). This is in agreement with the result from Mao et al. [52] , who found that the larger NDVI increase was in May and September in northeast China, at the similar latitude as this region [52] . . This could partly be due to the fact that the dominant crop type have been changed from spring wheat to maize [53] . Specifically, the area of spring wheat declined from about 1.1 million hectares in 1990 to 0.4 million hectares in 2006, while that of maize increased greatly from 0.8 million hectares to about 2 million hectares [53, 54] . Table 1 calculated the correlation coefficients between precipitation amounts more than 455 mm (a little above the mean) during the growing season and corresponding NDVI value, and a significant negative correlation was observed ( = −0.55, < 0.1). These findings suggest that increases in either temperature or potential evapotranspiration boost forest growth, whereas too much precipitation depresses it. In forest dominated areas (cold temperate humid and medium temperate subhumid regions), a negative correlation between the growing season NDVI and precipitation, especially in wetter years, can be attributed to increased cloud cover and the consequent decrease in solar radiation and temperature [52] . In contrast, a positive relationship was observed between the growing season NDVI and temperature, which is broadly consistent with the results of previous studies performed in northern middle-high latitudes [19, 40, 55] . This may be a consequence of increased temperatures lengthening the growing period and enhancing photosynthesis, while also reducing the negative effect derived from excessive precipitation in summer [56] [57] [58] .
The Response of Growing Season NDVI to Climate Change.
In contrast, there was a significant positive correlation between growing season NDVI and P for meadow steppes, typical steppes, desert steppes, and desert (R = 0.38, < 0.1; R = 0.58, < 0.01; R = 0.84, < 0.01; and R = 0.35, < 0.1, resp.), but a negative correlation between growing season NDVI and PET, especially for the typical 6 Advances in Meteorology PET (mm)
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PET trend (mm yr and desert steppes ( = −0.63, < 0.01; and = −0.71, < 0.01, resp.), implying that water may be the key factor controlling grass growth. In addition, growing season NDVI was also positively related to temperature for the meadow steppe, especially to min (R = 0.36, < 0.1), indicating that an increase in temperature can also enhance meadow steppe growth. The steppes and desert biomes are dominated by a medium temperate semiarid and arid climate, and the growing season NDVI rose as precipitation increased, which agrees with previous findings [28, 44, 59] . These relationships strengthened from meadow steppe to typical steppe and desert steppe, but then weakened to desert, which tends to confirm the general viewpoint that a threshold exists around which vegetation growth is most sensitive to water supply, and below or above which the relationship weakens [29, 60] . Grass in subarid and arid regions is predominantly influenced by precipitation: the more precipitation, the more vegetation growth. However, Advances in Meteorology 7 in extremely arid conditions, temperature-associated drought generally reduces water availability for vegetation growth, which offsets slight changes in precipitation, leading to a limited effect on vegetation growth [22, 59] . For cropland, growing season NDVI only showed a significant relationship with PET ( = −0.58, < 0.01). Nevertheless, considering the different crop growth periods, we calculated the correlation coefficients between NDVI and corresponding climate variables during April to June and July to September, respectively, and nonsignificant correlation was observed. This can be evidenced by ground-based observations. Several studies have revealed that grain yield in this region is probably because of intensive human management, such as fertilization and changing crop type [54, 61, 62] .
The Responses of Monthly NDVI to Climate Changes
The Responses of Monthly NDVI to Climate Changes in the Same Time.
The relationship of the monthly NDVI to climate variables was complicated and varied temporally among the biomes ( Table 2 ). The forest NDVI was significantly and positively related to mean , max , and min in April and May, but negatively to min in July, August, and September ( = −0.54, < 0.01; = −0.23, = 0.26; and = −0.46, < 0.05, resp.). These findings suggest that an increase in temperature may increase forest growth at the beginning of the growing period, but the minimum temperature increase may depress forest growth in the middle of the growing period. In agreement with previous studies, the large increase in NDVI occurred in the early growing season due to a large temperature rise and advanced growing season [63] . The forest NDVI correlated significantly and negatively with P in July ( = −0.38, < 0.1) and August ( = −0.44, < 0.05), whereas it significantly and positively related to PET, except in June (R = 0.13, = 0.54) and October ( = −0.05, = 0.82), indicating that excess rainfall in summer can be an 8 Advances in Meteorology important limiting factor for forest growth. This is consistent with the results of Fang et al., who reported that forest growth tended to decrease with an increase of precipitation in a relatively cold condition [64] . NDVI for meadow steppe was positively correlated with temperature over almost all of the growing season months, and significantly in April and May. However, NDVI showed a positive correlation with P in April, May, June, and October, but only a significant negative correlation in August ( = −0.44, < 0.05). In comparison, although NDVI was positively correlated with P, and negatively related to PET during most growing months for both typical and desert steppe, there was an opposite trend in correlations between NDVI and temperature in April, May, and October. This difference response of steppes to monthly climate change may also be highly correlated with the eastto-west water-temperature gradient. From east to west (i.e., from meadow steppe, typical steppe to desert steppe), the correlation between monthly NDVI and precipitation was strengthened as aridity increased, whereas monthly NDVI was more weakly related to temperature with temperature rising [22] .
The NDVI of the temperate desert did not correlate well with climate variables for any month, but most of the correlations between NDVI and mean , max , and min were negative in April, May, September, and October, and especially in October. For cropland, the monthly NDVI was positively related to P, but negatively to mean , max , and min in April, May, and June, and most significantly in June (R = 0.37, < 0.1; = −0.43, < 0.05; = −0.45, < 0.05; and = −0.43, < 0.05, resp.), whereas the opposite relationships occurred in July, August, September, and October, but particularly in September ( = −0.22, = 0.29; R = 0.40, < 0.05; = −0.46, < 0.05; and = −0.36, < 0.05, resp.).
The Response of Monthly NDVI to Climate Change in the Previous
Month. Although the monthly NDVI had a similar pattern to that of the climate variables, the monthly peak NDVI was not always coupled with those climatic factors ( Figure 2 ). This discrepancy may suggest a lagged response of NDVI to change in climate [16] . To illustrate and analyze this lagged response of vegetation growth, we also calculated correlation coefficients between monthly NDVI and climatic variables from the preceding month (Table 3 ). The strength of the relationship varied, however, depending on the biomes and climate variables. For forest, significantly positive correlations were found between the NDVI value in April, May, and September, and PET, mean , max , and min from the preceding month, whereas the NDVI value in April was negatively related to antecedent P ( = −0.51, < 0.01). This implies that temperature and potential evapotranspiration in the preceding month are beneficial to forest growth at the beginning and end of the growing season, whereas precipitation during the previous month can depress growth in early spring. The weakly response of forest to preceding P can result from the deeper-rooted system that can maintain amount of moisture during dry periods by absorbing water from the deeper soil and adequate precipitation [52] .
Similarly, for the three steppe types, most NDVI values in April and May were positively correlated with mean , max , and min in the previous month, implying that higher temperatures in the preceding month could stimulate grass growth at the beginning of the growing season. In comparison, there were positive correlations between P from the preceding month and monthly NDVI values during the whole growing season (except April for meadow steppe), whereas an almost opposite relationship between NDVI values and corresponding PET appeared at the same time. In addition, during the latter period of the growing season, correlations between the monthly NDVI and climate variables in the previous month were always stronger than the correlations with no time lag, suggesting that the antecedent climate conditions may be critical to grass growth in the latter part of the growing season (Tables 2 and 3 ). For the cropland, the lagged response of monthly NDVI to changes in climate was not well observed as for the other vegetation types, which is inconsistent with those who concluded that crop seemed to respond more quickly to precipitation than grasslands due to more shallow-rooted system [65] . The difference may be ascribed to different time scale. In this study, we just focused on one month lag effect and could not to detect lag times less than 30 days.
Monthly NDVI increases at the beginning of the growing season (in May for forest, and in April for steppes) were greatly responsible for the growing season NDVI changes, which were almost all strongly and positively related to the current and preceding month's mean , max , and min (Tables  2 and 3 ). It is possible that, in relatively high latitude regions (forest, as well as meadow and typical steppe areas) where the temperature is relatively low (Figure 2 ), vegetation growth is highly sensitive to temperature change at the beginning of the growing season [43, 66] . Spring warming can lower levels of frost damage, thaw out the frozen soil, advance the beginning of the growing season, promote plant photosynthesis, and thereby boost vegetation growth [67, 68] . This is partly confirmed by the negative correlation between corresponding precipitation and NDVI in relatively colder regions (Table 2) , because spring rainfall can lower temperatures. The disparity between the larger increase at the beginning of the growing season in May for forest, and not in April as for the steppes, can be attributed to the later arrival of spring. Previous studies suggest that the period with daily mean temperatures consistently above 5 ∘ C is generally regarded as the growing season for trees [33] , with temperatures above 0 ∘ C necessary for grass growth [69] . Consequently, the start of the growing season in the steppe regions may be one month ahead of that in the forested areas (on Julian days 79 and 111, resp.).
NDVI variability in spring (April and May) was positively related to mean , max , and min from the preceding month, but almost always negatively related to the temperature range in the current month for desert steppe and desert. The pattern of these relationships may result mainly from differences in regional climate conditions. In the desert steppe and desert regions, where water resources are seriously limited (the ratio of monthly PET to P in April and May is 48.43 and 16.65, resp., for desert steppe, and 93.11 and 34.03, resp., for desert; Figure 2) , the heat or water stress induced by climate change can adversely affect grass germination and initial growth [27, 70] , despite the fact that previous warming can promote germination. These also support the other findings, which report that onset dates of green-up are delayed by the warming trend in the desert steppe [71] .
Conclusion
Based on the normalized difference vegetation index (NDVI), we have investigated the growing season and monthly NDVI trends and their relationships with climate variables for six biomes in Inner Mongolia over the period 1982-2006. Our results indicated that the growing season NDVI generally increased over the past 25 years for all biomes. The pronounced increase was found in cropland, which almost certainly stemmed from the primary crop type change and the advance of agricultural management. Changes in climate likely functioned as the important controller for interannual variations in natural vegetation activity. The growing season NDVI was positively related to potential evapotranspiration and temperature, but negatively correlated with higher precipitation for the forest. In contrast, a positive (negative) correlation between NDVI and precipitation (potential evapotranspiration) existed in the steppes and desert. Additionally, monthly changes in climate seemed to influence plant growth in nonlinear fashions at the biome level, depending on times, climate variables, and biome types. Warming-related NDVI at the beginning of the growing season largely contributed to the NDVI increase during the growing season for forest, meadow steppe, and typical steppe but constrained the NDVI increase for desert steppe, desert, and crop. Moreover, our results also suggested that there were complicated one-month lags in vegetation responses to climate changes. However, although this study would greatly improve understanding of the complicated responses of vegetation to climate changes in Inner Mongolia, we could not determine the relative contribution of these factors. How to separate the contributions from different driving forces remains a big challenge for further studies.
